Toxoplasma gondii is an obligate intracellular parasite that causes serious opportunistic infections, birth defects, and blindness in humans. Microtubules are critically important components of diverse structures that are used throughout the Toxoplasma life cycle. As in other eukaryotes, spindle microtubules are required for chromosome segregation during replication. Additionally, a set of membrane-associated microtubules is essential for the elongated shape of invasive "zoites," and motility follows a spiral trajectory that reflects the path of these microtubules. Toxoplasma zoites also construct an intricate, tubulin-based apical structure, termed the conoid, which is important for host cell invasion and associates with proteins typically found in the flagellar apparatus. Last, microgametes specifically construct a microtubule-containing flagellar axoneme in order to fertilize macrogametes, permitting genetic recombination. The specialized roles of these microtubule populations are mediated by distinct sets of associated proteins. This review summarizes our current understanding of the role of tubulin, microtubule populations, and associated proteins in Toxoplasma; these components are used for both novel and broadly conserved processes that are essential for parasite survival.
M
icrotubules are a universal component of eukaryotic organisms, including humans and unicellular protozoans. These polymers are constructed by assembly of ␣-␤-tubulin heterodimers and represent an important target for small molecules that are used to treat cancers and helminth infections (1) (2) (3) . Specialized properties of distinct microtubule populations can be mediated by small differences in the sequences of specific ␣-and ␤-tubulin isotypes, posttranslational modifications to both ␣-and ␤-tubulin subunits, and interactions with specific microtubuleassociated proteins (MAPs) (4) (5) (6) (7) (8) . These factors permit microtubules to coordinate diverse and essential roles in mitosis and meiosis, cytoplasmic architecture, and motility. Microtubules are indispensable components of a number of structures in Toxoplasma gondii, an obligate intracellular parasite that infects nucleated cells in a wide variety of vertebrates (9) (10) (11) . Infection with this protozoan causes birth defects and blindness in humans and other host organisms (12) . T. gondii has a complex life cycle, during which it develops into distinct forms which occupy discrete niches in specific host organisms. The morphology of the microtubule cytoskeleton is largely conserved in four "zoite" stages which share the properties of host cell invasion and asexual replication. Zoite forms have five distinct tubulin-containing structures: spindle microtubules, the centriole, subpellicular microtubules, the conoid, and intraconoid microtubules (described below and illustrated in Fig. 1B ). The organization of microtubules in the gametocyte, gamete, and zygote stages is less well characterized but is distinct from that of zoites (13) . In particular, male gametes elaborate flagella, which are important for motility and macrogamete fertilization (14) .
TUBULIN FAMILY MEMBERS IN TOXOPLASMA
Microtubules consist of ␣-␤-tubulin heterodimers which assemble into a hollow cylinder-shaped polymer. Most typically, microtubules contain 13 protofilaments, a substructure reflecting the longitudinal head-to-tail association of ␣-␤ heterodimers (15) . Protofilaments associate laterally to form the microtubule, which is a polar structure. The slow-growing "minus" end of the microtubule (terminating in ␣ subunits) is typically embedded in a microtubule organizing center (MTOC), whereas the fast-growing "plus" end (terminating in ␤ subunits) is free to shrink and grow. Tubulin heterodimers also assemble into other polymer forms, such as "doublet microtubules," which consist of an incomplete C-shaped 10-protofilament microtubule fused to the wall of a 13-protofilament microtubule, and "triplet microtubules," which consist of two incomplete C-shaped 10-protofilament microtubules fused to a 13-protofilament microtubule (16, 17) . Doublet microtubules are essential to cilia and flagella, while triplet microtubules are typically found in centrioles and basal bodies.
Eukaryote genomes generally contain more than one gene for closely related ␣-or ␤-tubulin proteins, termed isotypes. Isotypes have small variations in their amino acid sequences and consequently exhibit subtly different biochemical properties. In multicellular organisms, specific cell types can modify properties such as the microtubule assembly rate by changing the relative expression levels of individual isotypes that contribute to the pool of available subunits (4, 5, 18, 19) . Moreover, specific isotypes can be required for specialized structures, such as the flagellar axoneme (20) . The Toxoplasma genome contains genes for three ␣ and three ␤ isotypes (21, 22) . The Toxoplasma ␣1 isotype is abundantly represented in tachyzoite and oocyst proteomes and is mutated in all dinitroaniline-resistant lines described to date (23) (24) (25) . Protein mass spectrometry (MS) and mRNA data deposited at ToxoDB.org suggest that ␣2-tubulin may be expressed at low levels in tachyzoites and is expressed in oocysts while ␣3-tubulin is expressed in both tachyzoites and oocysts. Protein and mRNA data deposited at ToxoDB.org suggest that all three ␤ isotypes are expressed in tachyzoites and oocysts. Although the ␤ isotypes are quite similar (ϳ98% identity), the ␣ isotypes have dramatically distinct amino acid sequences (40 to 70% identity), suggesting that they have specialized functions. This is particularly evident in the H1-S2 (N) and M loops that coordinate lateral subunit interactions. ␣2-Tubulin has a 4-amino-acid insert in the H1-S2 loop which could increase the flexibility of ␣2-containing microtubules. Most strikingly, amino acids of the H1-S2 loop and M loop are poorly conserved between ␣1-and ␣3-tubulins, which may suggest that these isotypes do not copolymerize efficiently. Last, tubulin tails are typically acidic and unstructured, extending away from the microtubule to promote interactions with MAPs (8, 26, 27) . The carboxy-terminal tail of ␣3-tubulin is uncharacteristically long, encompassing a much less acidic 35-amino-acid extension to the portion that is closer to the microtubule surface, which suggests that it may coordinate atypical interactions. The unusual features of ␣2-and ␣3-tubulin may be critical to specialized tubulin structures, such as the conoid and flagellar axoneme.
Microtubule polymerization in Toxoplasma tachyzoites is inhibited by dinitroanilines, a class of small molecules that selectively bind to plant and protozoan tubulin but not vertebrate tubulins (28, 29) . Computational modeling indicates that dinitroanilines bind to the Toxoplasma ␣1-tubulin subunit but not to vertebrate ␣-tubulin (25, 30) , with the binding site situated beneath the H1-S2 (N) loop such that dinitroanilines interfere with protofilament interactions, causing microtubule disruption. Diverse single point mutations in Toxoplasma ␣1-tubulin can confer resistance to dinitroanilines (23) (24) (25) . Substitutions are clustered in a core region and in areas of subunit contact. Biochemical studies indicate that mutations reduce dinitroaniline affinity and increase heterodimer affinity within the microtubule lattice (31) . Lines with resistance mutations have an increased incidence of replication defects due to the failure of spindle and subpellicular microtubules to work in synchrony. This is most clearly seen in lines harboring mutations that cause tachyzoites to have longer subpellicular microtubules, indicating that increased microtubule stability shifts the dimerpolymer equilibrium toward assembled microtubules. In the absence of dinitroaniline selection, compensatory mutations subsequently arise in the genes for ␣1-or ␤1-tubulin (23, 32) . Under nonselecting conditions, lines with compensatory mutations have increased fitness relative to resistant parental strains but are less fit than wild-type parasites. The secondary mutations also lower the resistance conferred by the primary ␣1-tubulin mutations, indicating that resistance is associated with a fitness disadvantage and increasing fitness occurs at the cost of resistance. To date, all dinitroaniline resistance mutations are located in the ␣1-tubulin gene. Several residues in ␣2-tubulin (P165, V238, and M378) and ␣3-tubulin (F136 and L235) correspond to ␣1-tubulin substitutions that confer dinitroaniline resistance, perhaps indicating that ␣2-and ␣3-tubulins are less sensitive to these compounds (29) . Since compensatory mutations that modulate defects conferred by ␣1-tubulin mutations are identified in ␤1-tubulin but not the ␤2-or ␤3-tubulin gene, it is likely that the ␣1-and ␤1-tubulin isotypes form a prominent population of tubulin heterodimers (32) .
In all eukaryotes studied to date, tubulin dimers can be altered by posttranslational modifications that differentially mark distinct microtubule subpopulations (33, 34) . Toxoplasma ␣1-tubulin can be modified by acetylation of lysine 40 and detyrosination (removal of the carboxy-terminal tyrosine 453) (22) . Notably, only ␣1-tubulin is susceptible to both modifications: ␣2-tubulin lacks a lysine 40 and ends in a valine, while ␣3-tubulin ends with an asparagine. Both ␣1-and ␤1-tubulins are polyglutamylated, a modification observed on axoneme, centriole, and spindle microtubules. Significantly, tachyzoite tubulin exhibits novel tubulin modifications: the carboxy-terminal tails of ␣1-and ␤1-tubulin can be methylated, and the last 5 amino acids of ␣1-tubulin can be truncated (⌬YGDEY). Work in other organisms has demonstrated that posttranslational modifications alter how microtubules interact with associated proteins, and this in turn influences the relative sensitivity of microtubules to stabilizing or destabilizing drugs (33, 34) . Deletion of enzymes that acetylate or glycylate tubulin in the related alveolate Tetrahymena is associated with decreased microtubule stability indicated by increased resistance to paclitaxel and increased sensitivity to dinitroanilines (35, 36) .
In addition to ␣-␤ dimers, other members of the tubulin superfamily are critically important in many eukaryotes (37, 38) . Centrioles and yeast spindle pole bodies contain ␥-tubulin, which is essential for microtubule nucleation (37, 39) . The Toxoplasma genome contains a single-copy gene for ␥-tubulin. When endogenous Toxoplasma ␥-tubulin is tagged with an in-frame fusion to yellow fluorescent protein (YFP), the fusion protein localizes to centrioles (J. de Leon and N. Morrissette, unpublished observations). Additional ␦-and ε-tubulins are found in protozoan and vertebrate genomes, including the Toxoplasma genome. These tubulins are implicated in construction of doublet and triplet microtubules found in the flagellar axoneme, basal bodies, and centrioles (40) (41) (42) . Curiously, ␥-tubulin but not ␦-and ε-tubulin are represented in MS and RNA-Seq data deposited at ToxoDB.org, suggesting that not all family members are expressed in tachyzoites.
MICROTUBULE-BASED STRUCTURES ARE REORGANIZED DURING THE PARASITE LIFE CYCLE
Toxoplasma is often called a "cosmopolitan" parasite because its asexual forms can invade and replicate in diverse nucleated cell types in a wide variety of vertebrate host organisms throughout the world (43) . Acute infection is caused by the rapidly proliferating tachyzoite form, which causes host cell death and tissue damage. Upon an immune response to infection, tachyzoites differentiate into bradyzoites, a slow-growing, "tissue cyst" form that evades host defenses to persist for the life of the host organism. Bradyzoites can differentiate back into tachyzoites if host immunity wanes. Bradyzoites are also orally infectious when tissues from an infected animal are consumed by a carnivore (Fig. 1A) . In contrast to zoite proliferation, the sexual cycle is restricted to the intestinal epithelium of felids (43, 44) . Tachyzoites and bradyzoites form merozoites, and these give rise to male and female gametocytes. Gametocytes produce microgametes and macrogametes and fertilization generates a transiently diploid zygote. A cell wall forms around the zygote, producing an oocyst. Sporulation after oocyst excretion creates two sporocysts, each containing four sporozoites. New infections are initiated after ingestion of sporozoite-containing oocysts or bradyzoite-containing tissue cysts. The four zoite stages have conserved microtubule structures which are distinct from microtubule organization in gametocytes, gametes, and the zygote.
Microtubules in gametocytes, gametes, and zygotes. During the sexual cycle, a subset of asexually replicating zoites differenti-ates to form gametocytes, gametes, and fertilized zygotes in cats. Although the ultrastructural features of these forms have been described (45) (46) (47) , the requirements for differentiation in a felid gut have impeded detailed characterization of specific cytoskeletal proteins in these stages. Macrogametes contain numerous mitochondria and wall-forming bodies: elements which promote formation of the oocyst wall and drive creation of sporozoites (45, 48, 49) . There is no specific information about the macrogamete cytoskeleton. Microgametes are elongated and consist primarily of a nucleus and mitochondrion (Fig. 1B) . Two flagella extend from basal bodies at the apex and project toward the posterior (13, 14, 46) . Five cytoplasmic microtubules also originate in this region and extend longitudinally within the microgamete body. A row of 15 short microtubules associates with the apical perforatorium above the basal bodies. These last two microtubule structures may reflect vestiges of subpellicular microtubules and a conoid, features of zoite forms. Microgametes use flagella to reach macrogametes, with fertilization leading to formation of zygotes. Again, nothing is known of the organization of or requirements for cytoskeletal components in the zygote and oocyst.
Although there is not much direct information about the composition of microgametes, we can infer some features of the microtubule cytoskeleton because basal bodies and flagella have a conserved architecture and protein components (50) . Flagella are flexible membrane-enclosed microtubule-containing protrusions that extend from the cell body. They often function in motility, through creation of an undulating waveform by the flagellar axoneme. Most axonemes have a conserved "9ϩ2" structure consisting of 9 doublet microtubules which surround an internal "central pair" of microtubules (51) . Bending occurs when microtubule motor activity slides a subset of the doublet microtubules along the central pair microtubules. The "9ϩ2" organization of axonemes is also found in organisms with cilia, a term that is generally used when organisms exhibit more than two axonemes. More recently, it has been recognized that flagella and cilia also function in detecting and sending signals (52) (53) (54) .
Axonemes emerge from the cell body as an extension to basal bodies, which are structurally identical to centrioles. Basal bodies and centrioles typically consist of nine triplet microtubule blades arranged into a turbine shape (55) . Duplication of these structures is usually semiconservative, with a new "daughter" centriole emerging at a right angle to the older "mother" centriole. There are exceptions to both of these traits: centrioles can form de novo under certain circumstances (56, 57) , and centrioles from some species contain singlet or doublet microtubules rather than triplets (58) . Centrioles in nonflagellated Toxoplasma zoite forms contain nine singlet microtubules (9) . Although Toxoplasma microgametes have a 9ϩ2 axoneme, the structure of the associated basal bodies remains undefined (13, 14, 46) . If microgamete basal bodies are formed from triplets, either the singlet microtubule centrioles inherited from zoites mature into triplets (perhaps by gamete-specific expression of ␦-and ε-tubulin) or triplet basal bodies form de novo. Asexual-stage merozoites of Plasmodium (2), which disseminate throughout the host to infect diverse cell types. After development of an immune response to infection, tachyzoites differentiate into bradyzoites, a slow-growing form that persists for the life of the host organism. Bradyzoites can differentiate back into tachyzoites if host immunity wanes. In cats, tachyzoites and bradyzoites form merozoites (4), and these give rise to microgametes (5a) and macrogametes (5b). A transiently diploid zygote (6) is produced by fertilization, and becomes an unsporulated oocyst (7) after formation of an exterior cell wall. Oocysts are shed in feces and sporulate at ambient temperatures, creating two sporocysts, each containing four sporozoites (1). (B) A schematic of microtubule populations in tachyzoites and microgametes. (Left) The zoite stages have conserved microtubule structures which are best defined in tachyzoites. The spindle and subpellicular microtubule populations (red) associate with centrioles and the APR MTOCs (green). Defined components of these structures are noted. An unusual tubulin-based structure, the conoid, is located above the APR and can be withdrawn into it. There are two preconoidal rings above the conoid and two intraconoid microtubules within its circumference. (Right) Toxoplasma microgametes have two flagella, which originate at basal bodies in the apical region. Above these basal bodies is a pointed perforatorium structure which contains 15 short microtubules. A set of 5 peripheral microtubules extends from the basal body region toward the posterior with a longitudinal alignment. Due to the difficulty in obtaining the gamete stages, specific protein markers of these microtubules have not been identified. The images in panel B are based on previous figures in references 77, 138 , and 139).
spp. lack centrioles; basal bodies are thought to form de novo during microgametogenesis (59) .
Although centrioles and basal bodies have the same underlying structure, additional components enable the basal body to extend an axoneme and to orient this protrusion in order to coordinate a motile response to external cues. The filaments that orient the axoneme are termed the flagellar apparatus (60) (61) (62) . The transition zone, located at the distal end of the centriole, serves as the entry site for intraflagellar transport (IFT) machinery in order to move components to the distal end of the axoneme and to return excess or damaged materials to the cytoplasm. IFT machinery is essential for construction of most axonemes. However, a few organisms assemble axonemes in the cell cytoplasm rather than at the cell periphery (63) . For example, Drosophila lack a morphologically distinct transition zone and genes for IFT components. Although they share an ancestor, many features of flagellar assembly have diverged in the interval that separates the Toxoplasma and Plasmodium lineages. Plasmodium spp. lack IFT machinery and asexual stage centrioles; the microgamete axoneme is constructed in the cytoplasm after de novo assembly of basal bodies (59, 64, 65) . Asexual-stage Toxoplasma zoites have centrioles (9) , and there are IFT homologs encoded in the genome (64, 66) . Additionally, the centriole components CEP164 and VFL1 are present in the Toxoplasma genome but are missing from Plasmodium (50). As CEP164 mediates vesicle docking for IFT transport (67), its disappearance is consistent with the loss of IFT from Plasmodium. VFL1 is less well characterized; it is thought to play a role in establishing rotational orientation in Chlamydomonas basal bodies (68) . The retention of asexual centrioles and IFT machinery in Toxoplasma may be tied to the conoid, a tubulin-based structure found in zoites.
Microtubule populations in asexual zoite stages. There are four invasive "zoite" forms of Toxoplasma (sporozoites, tachyzoites, bradyzoites, and merozoites). Although zoites lack flagella, they are motile, requiring actin and myosin to efficiently invade host cells (69) . Since the tachyzoite stage is most amenable to experimental manipulation, we know most about the properties of microtubules in this stage. It is likely that most aspects of the microtubule cytoskeleton will be conserved with other zoite forms.
(i) Centrioles and spindle microtubules. Microtubule-containing spindles coordinate mitosis in asexual-stage Toxoplasma zoites. Centrioles are found at the poles of the mitotic spindle (9); while most centrioles consist of nine triplet microtubule blades with mothers and daughters arranged in orthogonal pairs (70, 71) , Toxoplasma zoite centrioles consist of nine singlet microtubules and are arranged in a parallel configuration. This unusual appearance and organization is conserved in related coccidian species (72, 73) . During mitosis, chromosomes are partitioned into opposite sides of a horseshoe-shaped nucleus, which then divides. The nuclear envelope remains intact during mitosis such that spindle microtubules traverse the centrocone, an electron-dense region of the nuclear membrane, to contact the chromosome centromeres (Fig. 1B) . Centromeres and associated kinetochores are retained at the centrocone throughout the cell cycle (74, 75) .
(ii) APR and subpellicular microtubules. The elongated shape of zoites is conferred by a set of nondynamic subpellicular microtubules that closely underlie the pellicle (76, 77) . The pellicle is formed by association of the plasma membrane with an underlying patchwork of flattened vesicles, termed the inner membrane complex (IMC). The IMC originates at the apical polar ring (APR), such that the apical region of the parasite is solely enclosed by the plasma membrane while the region below the APR is defined by the pellicle. Toxoplasma tachyzoites construct a corset of 22 evenly spaced subpellicular microtubules using the APR as an MTOC to define the number and spacing of microtubules. Work in related parasites indicates that the minus ends of subpellicular microtubules are inserted into cogwheel-like projections of the APR (78) . Freeze-fracture studies of Toxoplasma reveal regular arrays of uniformly sized intramembranous particles in the IMC membranes (76, 79) . These likely represent transmembrane domains of receptors for a filament network that can be observed after pellicle extraction (80) . The network is formed by a family of alveolin proteins (81-83) that provide tensile strength, akin to the function of intermediate filaments in vertebrate cells. Isolated subpellicular microtubules are decorated with an unidentified MAP that binds with a 32-nm periodicity, and a similar periodicity is observed in the particles of the IMC membranes, suggesting that the intimate association of microtubules and the pellicle is coordinated in part by an interaction between these elements (76) .
(iii) Conoid and intraconoid microtubules. In addition to the spindle and subpellicular microtubules, Toxoplasma and other coccidian apicomplexans build an unusual tubulin-containing structure at the zoite apex (77) . The conoid is constructed of 10 to 14 curved tubulin sheets that form a hollow cone (84) . It is topped by two fibrous preconoidal rings, while two ϳ400-nm-long microtubules are located within its circumference (76, 77, 84) . A complex of conoid, intraconoid microtubules, and preconoidal rings can extend beyond the APR or withdraw to be surrounded by the subpellicular microtubules. Conoids are found in Toxoplasma and other coccidians and some gregarines but are missing from other apicomplexans, such as Plasmodium, most likely because they were lost from or considerably reduced in these lineages (85) . Similar structures, termed "incomplete conoids" or "pseudoconoids," are found adjacent to basal bodies and flagella in organisms from several nonapicomplexan alveolate lineages. Incomplete conoids or pseudoconoids are built from a set of nearly vertical apical microtubules that create an open-sided cone. Recent work on two marine alveolates which contain an adjacent conoid and flagellar apparatus suggests that these structures are intimately associated (66, 86) . Tomography of Psammosa pacifica (a dinoflagellate) shows that the pseudoconoid associates with rootlet microtubules that originate in the flagellar apparatus; work on Chromera velia (a chromerid) reveals filamentous connections between the pseudoconoid and rootlets of the flagellar apparatus. These observations are consistent with the finding that the Toxoplasma conoid and centriole retain connections mediated by proteins that typically associate with the base of flagella (87-89).
MICROTUBULE-ASSOCIATED PROTEINS
Unlike the apicomplexan actin cytoskeleton, where conserved actin binding proteins have evolved distinct properties to function in a monomer-rich environment, with the exception of microtubule motors and centriole components, many Toxoplasma MAPs are novel proteins.
Microtubule motors in Toxoplasma. Microtubule motors are conserved multisubunit machines that convert energy from ATP hydrolysis to move along microtubules. Dyneins move toward the microtubule minus end, while kinesins typically move toward the plus end. The Toxoplasma genome has a number of genes that encode kinesin and dynein subunits, as well as some components (Arp1, p25, p27, and p62) of dynactin, a protein complex that regulates microtubule motor activity (90) . Kinesins are usually composed of two heavy and two light chains: each heavy chain contains a motor domain, while light chains coordinate cargo association (91) . These motors function in mitosis and meiosis and in transport of cellular cargo. The relative position of the motor domain in the heavy chain is predictive of kinesin activity: motors located in the center (KinI motors) disrupt microtubules; motors at the amino terminus (KinN) are plus-end directed, while motors at the carboxy terminus (KinC) are minus-end directed. The Toxoplasma genome contains ϳ19 heavy-chain genes, which appear to represent all three subtypes. To date, Toxoplasma kinesins have not been studied, although a Plasmodium falciparum KinI kinesin has been used for structural studies (92, 93) . Dyneins contain ϳ12 subunits and function as motors either to power axoneme beating or in organelle transport, spindle function, and centrosome assembly in the cytoplasm (94) . Although some subunits are shared by flagellar and cytoplasmic dyneins, others, including the motor domain-containing heavy chains (DHCs), are specific for each subset. The Toxoplasma genome contains annotated genes for ϳ10 DHCs that likely represent both flagellar and cytoplasmic types. The genome also contains annotated genes for several types of intermediate and light chains, including light chain type 1, Tctex-1, Roadblock/LC7, the axonemal assembly factor, axonemal light chain, and axonemal intermediate chain (69) . Although overexpressed dynein light chain 1 (DLC1) fused to green fluorescent protein (GFP) localizes to the spindle poles, centrioles, the basal end, and the conoid region of tachyzoites (95), a subsequent study of a shortened version of the same protein (minus 49 aminoterminal residues, termed T. gondii DLC8a [TgDLC8a]) localizes it only to the apical region of tachyzoites (96) . The latter study used a small epitope tag that was introduced as an in-frame fusion at the carboxy terminus of the endogenous locus. The absence of labeling of the spindle poles, centrioles, and basal end suggests that localization at these sites may be a consequence of overexpression in the initial study. The later study also localized three other members of the dynein LC8 subfamily (TgDLC8b, TgDLC8c, and TgDLC8d) by endogenous tagging, indicating that all have a cytosolic distribution in tachyzoites.
MAPs in the microgamete. Although some proteins that associate with the microtubule cytoskeleton are likely used in all parasite forms, specialized flagellar components may be required in a stage-specific fashion. Since many centrosome, basal body, and flagellar proteins are widely conserved, computational genomics can be used to identify orthologs in diverse eukaryotes. Although both "centriole" and "centrosome" have been used to describe the Toxoplasma organelle, the term "centrosome" was coined to identify a type of MTOC that consists of core centrioles surrounded by a pericentriolar matrix (PCM) characterized by distinct markers (97) . There are robust homologs of "core" centriole components (␦-and ε-tubulin, centrin 2, SAS-4, SAS-6, CEP164, DIP13, VFL1, and CEP76) but not PCM proteins (PCM1, CP110, CEP97, ninein, rootletin, asterless, NAP1, CEP68, and CEP55) in the Toxoplasma genome (50) . Therefore, the Toxoplasma structure is strictly a centriole. Surprisingly, several core components (CEP135, POC5, and centriolin) are present in ciliate genomes but missing from Toxoplasma and other apicomplexans. Since ciliates and apicomplexans share an ancestor, genes for these components were likely lost from the apicomplexan lineage.
Zoite MAPs. Tachyzoites (and other zoite forms) contain five distinct tubulin-containing structures. Each likely contains unique MAPs as well as shared elements. Proteins that associate with specific populations are beginning to be identified, in part by MS surveys of tachyzoite fractions, which are enriched in APR, conoid, and subpellicular microtubules (95, 98) . (i) Centriole and spindle proteins. The complement of MAPs localizing to spindle microtubules remains largely uncharacterized, though several proteins have been identified on centrioles located at the spindle poles. Since DLC1/TgDLC8a localizes to the spindle only as an overexpressed GFP fusion protein (95, 96) , the plus-end binding protein EB1 (J. de Leon and N. Morrissette, unpublished observations) is the sole marker of mitotic microtubules. It is quite likely that dyneins and kinesins are spindle components, in addition to other, yet-to-be-characterized MAPs. Both novel and conserved proteins localize to zoite centrioles. SAS-6, Nek1, and centrin are conserved centriole components: SAS-6 is required for centriole biogenesis (99) , and Nek1 is required for centriole separation (100). The EF-hand-containing centrins are well-established centriole markers (101, 102) . Toxoplasma SAS-6 is found at the centrioles during tachyzoite replication (87) . Nek1 is recruited to tachyzoite centrioles prior to duplication and is essential to their subsequent separation (100) . Toxoplasma expresses three centrin isoforms: all localize to centrioles, and centrin 2 and centrin 3 are found at additional subcellular sites (95, 103, 104) . One critical role of the Toxoplasma centriole is likely to be as a signaling platform. Three novel proteins move from the Toxoplasma centrioles to emerging daughter buds during zoite replication. RNG2 first appears at newly replicated centrioles and is subsequently a marker of the nascent APR of daughter parasites (89), while IMC15, an alveolin family protein (81), and T. gondii 14-3-3 (Tg14-3-3), one of four homologs in the Toxoplasma genome (105), associate with centrioles early in replication and then relocate to daughter buds. The Toxoplasma genome encodes three homologs of striated fiber assemblin (SFA). SFA is a component of striated fibers which associate with basal bodies in the flagellar apparatus of green algae (106, 107) . SFA2 and SFA3 localize to filaments that tether centrioles to emerging daughter buds at the APR and conoid during tachyzoite replication (88) .
(ii) Subpellicular MAPs and APR proteins. Although subpellicular microtubules emanate from the APR, it does not contain ␥-tubulin, which is a marker of diverse MTOCs. However, two proteins, RNG1 and RNG2, have recently been characterized as APR constituents (89, 108) . RNG1 is a small, low-complexity, detergent-insoluble protein (108) . It is a late component of the APR, appearing only as daughters emerge, similar to glideosomeassociated proteins, which associate only with the mature pellicle (109-111). There are RNG1 orthologs in Neospora caninum and Sarcocystis neurona but no obvious homologs in other apicomplexans. The small size and low complexity may make RNG1 homologs difficult to identify in more distantly related apicomplexans. Alternately, RNG1 may coordinate interactions between the APR and the conoid and have been discarded from other lineages in association with loss of the conoid. RNG2 is related to a family of charged repeat motif proteins identified in the pellicle of Tetrahymena, a distantly related ciliate (112) . The Tetrahymena proteins appear filamentous and underlie rows of cilia. Toxoplasma RNG2 is a large protein; when the amino and carboxy termini are uniquely tagged, they localize in discrete rings, indicating that RNG2 forms a cuff of vertically organized subunits (89) . During conoid extrusion, the relative position of the rings is inverted, revealing that the cuff connects the APR to the conoid. Moreover, loss of RNG2 alters signaling, blocks microneme secretion, and inhibits host cell entry, connecting it to other essential events in invasion.
The subpellicular microtubules which extend from the APR are nondynamic and have unusual stability in cold and in the presence of detergents, conditions that typically induce disassembly. The SPM1 MAP has six tandem copies of a 32-amino-acid repeat and localizes along the subpellicular microtubules (113) . Loss of SPM1 reduces tachyzoite fitness, and the subpellicular microtubules become sensitive to detergent extraction. SPM1 is essential for localization of several other proteins to the subpellicular microtubules, including TrxL1 and TrxL2, two novel proteins that contain a thioredoxin fold (114) . A second MAP, SPM2, associates with the central region of the subpellicular microtubules independent of SPM1 (113) . Significantly, the subpellicular microtubules continue to associate with the pellicle in the absence of SPM1 or SPM2, indicating that other, yet-to-be-identified MAPs provide this function.
(iii) Proteins associated with the conoid complex. As described above, the conoid is an unusual organelle found in a subset of apicomplexans. To date, it is unclear which tubulin isoforms contribute to the novel polymers that form this organelle (84) . A number of proteins localize to the conoid, intraconoid microtubules, and fibrous preconoidal rings. Centrin 3 localizes to the conoid in addition to the tachyzoite centrioles (95, 103, 104) . A dynein light chain (DLC1/DLC8a) is found in the conoid region (95, 96) . Toxoplasma and other simple centriole-containing eukaryotes have homologs of a SAS-6-like (SAS6L) protein (87) . SAS6L consists of a conserved domain that is also found in the amino-terminal region of the centriole protein SAS-6, and it localizes to the preconoidal rings in tachyzoites. Since Trypanosoma brucei SAS6L localizes to the basal plate, it is probable that SAS6L is similarly localized at the base of the axoneme in Toxoplasma microgametes, which lack a conoid structure. One role for SAS6L may be to anchor SFA, a cell cycle-regulated filament system that links the conoid and APR to the centriole in replicating tachyzoites (88) . Two novel proteins have been localized to the conoid region. ICMAP1 is a novel SMC-like domain-containing protein that localizes to the intraconoid microtubules in tachyzoites (115) . Homologs are restricted to conoid-containing apicomplexans (Neospora and Eimeria), consistent with the distribution of the intraconoid microtubules in the coccidian lineage. A small conoid-associated protein 1 (CAP1) was identified in a genetic screen for mutants that have a compromised ability to survive in activated macrophages (116) .
MICROTUBULE-DEPENDENT PROCESSES
Microtubule function is crucial to Toxoplasma motility, invasion, growth, and sexual recombination, indicating that tubulin and MAPs are excellent drug targets. Inhibition of microtubule polymerization or microtubule-associated functions would disrupt essential processes, including chromosome segregation, cytokinesis, motility, and fertilization.
Mitosis and cytokinesis. Toxoplasma replication couples one or more cycles of nuclear division to bud formation to synchronously create two daughters by endodyogeny or multiple progeny by endopolygeny (117) (118) (119) (120) . Both processes use microtubules to segregate duplicated chromosomes, though endodyogeny is better understood, since it is characteristic of in vitro tachyzoite replication. Given that a centromere-kinetochore complex permanently tethers chromosomes to the centrocone region of the nuclear envelope, the spindle may function primarily to mechanically separate the nucleus (74, 75) . The kinetochore protein Nuf2 is essential for chromosome segregation and for association of the centrocone with centrioles (75) . Plastid segregation requires the centrioles and spindle (121) , as well as the MyoF myosin and parasite actin (122, 123) . As centrioles at the spindle poles separate, they are tethered by actin and MyoF. Consequently, the hemi-spindles are held at an acute angle so that each half of the "horseshoe-shaped" nucleus is drawn into an apical daughter bud accompanied by the plastid. Regardless of the number of nuclear divisions preceding cytokinesis, centriole abundance reflects the number of daughter buds required to complete replication. SFA2 and SFA3 filaments connect centrioles to emergent daughters; conditional depletion of either protein blocks bud formation (88) . A temperature-sensitive Nek1 mutation demonstrates that centriole separation is vital to nuclear division and counting daughters (100, 124) . Loss of Nek1 activity prevents completion of mitosis at the restrictive temperature. In these circumstances, centrioles duplicate but do not separate. Unseparated centrioles direct formation of a single daughter bud harboring a polyploid nucleus.
In contrast to metazoan cells, where cytokinesis is driven by an actomyosin ring, completion of endodyogeny or endopolygeny is driven by extension of daughter IMC and associated subpellicular microtubules to enclose the apical organelles, mitochondria, plastid, and nucleus in daughter buds (10, 125, 126) . Following centriole separation, several centriole-associated proteins relocate to emerging daughters. RNG2 shifts from the centrioles to the APR (89), and both IMC15 and Tg14-3-3 move from the centrioles to the IMC of emergent daughters (81, 105) . Although the timing of bud formation in endodyogeny versus that in endopolygeny is distinct, the cytoskeletal components are likely to be quite similar, with assembly regulated by initiation of key structures, such as the conoid, APR, IMC, and underlying microtubules (69, 127) . IMCdelineated daughters emerge from the mother by adopting her plasma membrane (9) . Some cytoskeletal components, including the APR marker RNG1, only associate with mature pellicle structures consisting of IMC in close association with the plasma membrane (108) (109) (110) (111) .
Gliding motility and invasion. Toxoplasma tachyzoites (as well as many other apicomplexan zoites) move and invade cells using an immobilized, IMC-localized myosin motor to move short actin filaments linked to the cytoplasmic tails of secreted adhesins (69) . Although most studies have focused on the fundamental role of myosin and actin filaments in this novel process, microtubules are also critically important. Zoite motility in a three-dimensional matrix follows a spiral trajectory imposed by underlying subpellicular microtubules (128) . Since cytoplasmic dyneins can generate membrane tension (129) , microtubule motors may keep the IMC taut against the subpellicular microtubules in order to restrain the IMC-associated MyoA myosin so that its motor activity translocates actin filaments. Intracellular tachyzoites treated with low levels of the dinitroaniline oryzalin can assemble short microtubules that are sufficient to complete nuclear division and budding; these parasites have shortened subpellicular microtubules and are noninvasive, likely because they fail to adequately immobilize MyoA to power host cell entry (9) . Other cytoskeletal proteins that influence shape also alter move-ment: tachyzoites lacking the IMC proteins PHIL1, SIP, and CBAP are shorter and wider than wild-type parasites and have reduced motility (128, 130, 131) . Conoid extrusion is specifically inhibited by a small molecule, conoidin A, which was identified in a screen for invasion inhibitors (132, 133) . Extrusion is also blocked by agents that interfere with Ca 2ϩ signaling, inhibit kinases, or interfere with the actin and myosin machinery (134, 135) . There are indications that conoid motility is linked to signal transduction and secretion: depletion of the APR protein RNG2 blocks microneme release and inhibits host cell invasion (89) .
Gametogenesis and zygote formation. The least experimentally accessible portion of the Toxoplasma life cycle is the sexual cycle: forms which develop only in the cat gut have proven difficult to study. Development of methods to induce this process in vitro would facilitate genetic studies and permit characterization of the microtubule cytoskeleton in the macrogamete, microgamete, and zygote stages. Information present in the genome of Toxoplasma can be used to predict properties of the basal bodies and flagella, since these are conserved organelles which have been extensively studied in other systems (50) . In addition, since gametogenesis is more easily studied in Plasmodium, we can look to findings in this apicomplexan lineage (136, 137) . Although it is a reasonable assumption that many aspects of the microtubule cytoskeleton will be similar between Toxoplasma and Plasmodium, observations that there are significant differences in the genomic complement of IFT and centriole components indicate that not everything will be conserved (50, 64, 66) .
SUMMARY AND OUTLOOK
Microtubules in Toxoplasma and other apicomplexan pathogens are critically important to diverse structures and essential processes, including replication, invasion, and fertilization. Dinitroaniline compounds inhibit invasion and replication, indicating that tubulin is a robust target for antiparasitic therapies (29) . Likewise, motors, MAPs, and MTOC components contribute to microtubule-based machines that are critical to parasite function. The ancestor of the apicomplexan parasites likely had both a conoid-containing apical complex and adjacent basal bodies with associated flagella (85) . Toxoplasma flagella are restricted to male gametes, and a number of conserved centriole and flagellar components were apparently lost from the apicomplexan lineage (50) . Nonetheless, the centriole serves as a signaling platform, with novel parasite-specific proteins that move from it to developing daughter buds during Toxoplasma zoite replication (81, 89, 105) . Moreover, although zoites lack flagella, they retain several flagellar apparatus-associated proteins which may be important for diverse processes, including replication and invasion (87) (88) (89) . Collectively, these studies reveal that there are key differences between the Toxoplasma microtubule cytoskeleton and microtubules in metazoan hosts, which represent robust targets for future therapeutic agents.
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